Introduction
"...parasite systems are excellent models for a variety of general evolutionary studies, and may become the systems of choice for some." (Brooks and McLennan, 1993:206) If host-parasite assemblages are to play the role in evolutionary studies that Brooks and McLennan (1993) anticipated then we need a rigorous method for reconstructing the history of the association between host and parasite. To date analyses of host-parasite assemblages have been hampered by the inadequacies of existing methods for comparing host and parasite phylogenies, as much as by the lack of robust phylogenies. The most commonly used method, Brooks parsimony analysis (BPA; Brooks, 1981; Brooks and McLennan, 1991) , uses Wagner parsimony to fit additive binary coded parasite trees onto host trees. However the results obtained with BPA often require considerable a posteriori interpretation (Wiley, 1988 ; for critiques see Page, 1990, and Ronquist and Nylin, 1990 ). An alternative method (reconciled trees, see Page, 1990a Page, , 1993a Page, , 1994 , based on earlier work by Goodman et al. (1979) and Nelson and Platnick (1981) avoids these problems by treating parasites as lineages rather than characters, but at the cost of eliminating hostswitching by parasites as a possible explanation for incongruence between host and parasite phylogenies (although ad hoc procedures for incorporating host transfer do exist, see Page, 1990b) .
This unsatisfactory choice between one method (BPA) that incorporates host transfer but can lead to internal inconsistencies, and another method (reconciled trees) that discounts host switching altogether motivates this paper. My goal here is to extend the method for reconciling two trees (Page, 1994) to include host switching, remedying its greatest limitation. I develop a criterion for choosing among possible reconstructions of host-parasite evolution; those reconstructions that maximise the number of speciation events in the parasite phylogeny that can be attributed to cospeciation with their hosts are preferred over reconstructions that postulate fewer cospeciations (Page, 1994) . This paper presents simple algorithms for finding reconstructions satisfying this criterion. Figure 1 shows some possible relations between host and parasite phylogenies.
Comparing Host and Parasite Phylogenies
If a parasite faithfully tracks its host, speciating whenever its host speciates, then perfectly congruent host and parasite phylogenies will result (Fig. 1a) . If the parasite speciates independently of the host then the same host will harbour more than one parasite (Fig. 1b) ; likewise, if the host speciates independently of the parasite then the same parasite may infest more than one host (Fig. 1c) .
Independent speciation of both hosts and parasites, and extinction of parasites complicate our efforts to unravel the history of a host-parasite assemblage in two R. D. M. Page ways; independent speciation of hosts followed by cospeciation can lead to unrelated hosts sharing the same parasite (Fig. 1d) , and independent speciation of parasites followed by parasite extinction can lead to incongruent host and parasite phylogenies (Fig. 1e) . Another cause of incongruence between host and parasite phylogenies is the transfer of parasites from one host to another (Fig. 1f) .
HOST SWITCHING Figure 2 shows the three kinds of host switching recognised by Kim (1985:676-8) : "original invasion" refers to infestation of a host clade by a parasite not previously associated with that clade; the first infestation of a host lineage by a parasite infesting other members of the host clade is a "primary invasion", and the infestation of a host lineage that is already infested (or has lost its original parasite(s) as in Fig. 2 ) is termed "secondary infestation". Kim's distinction between original and primary infestation is somewhat arbitrary as it depends on the cladistic context; for the host clade a-g in Figure 2 the infestation of the ancestor of (a(b,c)) by the ancestor of parasites I and II is a primary invasion, whereas for the clade (a(b,c)) that same event represents an original invasion.
In this paper I assume for simplicity that host switching is accompanied by parasite speciation (Kim, 1985) . Figure 3 shows a host switch where node j represents the common ancestor of the parasite that switched hosts (l) and its sister taxon that remained associated with the ancestral host (s). The rest of this paper describes how this model of host switching can be incorporated into the method for comparing host and parasite trees described in Page (1993a Page ( , 1994 .
MAPS BETWEEN TREES
A map between parasite and host phylogenies is a function that assigns each node in the parasite tree to a node in the host tree (Page, 1994) . To illustrate, given the host and parasite trees in Figure 4a each terminal node in the parasite tree can be represented by the set of hosts (the host set) it infests and each internal node by the set R. D. M. Page of hosts infested by its descendants (Table 1) . Each internal node in the host tree can be represented as the set of its terminal descendants, that is, the tree's clusters (= components). The relationship between the host sets of the parasite tree and the clusters of the host tree specifies the map between the two trees. If we map each parasite node onto the host node whose cluster is the smallest superset (i.e., the smallest set containing all elements of the parasite host set), we have the map that corresponds to a reconciled tree (Page, 1994) . For example, parasite node IV has the host set {a, b}. Host node e's cluster -{a, b, c} -is the smallest superset of {a, b} that is also a cluster in the host tree, hence parasite node IV maps onto host node e (Table 2) ; node e is the image of node IV. We can visualise this map by superimposing the parasite tree on top of the host tree so that each node in the parasite tree is adjacent to its image in the host tree, and drawing the path between each node in the parasite tree such that it traces the path between the corresponding nodes in the host tree as shown in Figure 4b . This method of depicting the map is an alternative (and perhaps more intuitive) representation of the map than the reconciled trees described in Page (1993a Page ( , 1994 .
The reconciled tree in Figure 4b implies that parasite IV cospeciated with host e, hence parasites I and II are associated with their hosts by descent. Parasite III is also associated with its host by descent, but it is not the descendant of a cospeciation event. Its ancestor (V) speciated independently of its host (e); this event is termed a "duplication" after the analogy with gene duplications (Page, 1993b) .
INCORPORATING HOST SWITCHING Figure 4c shows an alternative explanation of the association between the host and parasite trees in Fig. 4a ; host a has been colonised by parasite I. The map associated with this reconstruction differs from the map for the reconciled tree, and is obtained by modifying the host set of each node that is ancestral to parasite I by removing the host (a) that was acquired by host switching (Table 2) . By removing host a we avoid the problem of redundant coding that can cause BPA to postulate multiple host transfers by ancestral parasites when only a single terminal host transfer is required (Page, 1900a; 1994) . Table 2 can be visualised as a pair of superimposed trees (Fig. 4c) .
The map in
Note that the node representing the most recent ancestor of the parasite that switched host (node IV in this example) has the same host set as one of its descendants (node II). If we were to map node IV onto the host tree we would have to postulate a duplication as both nodes II and IV would have the same image in the host tree.
Although both duplication and host switching involve independent speciation of the parasite, duplications are a consequence of the descendants remaining on the ancestral host whereas in host switching at least one descendant colonises a new host. To distinguish between these two kinds of event the convention adopted here is to treat as undefined the image of the immediate ancestor of the parasite that dispersed. When drawing the reconstruction in cases of host switching the ancestor is placed immediately below the sister taxon of the parasite that switched hosts (see Fig. 3 ) .
Hence, to incorporate a host transfer into the method for reconciling host and parasite trees we need simply follow these steps:
1.
Let the l-node be the parasite node that switched hosts, and the j-node be its immediate ancestor (Fig. 3 ).
2.
Define the host sets of the terminal nodes in the parasite tree as the set of hosts each parasite infests.
3.
To construct the hosts sets for each internal node in the parasite tree traverse the parasite tree in postorder (i.e., visit all the descendants of a node before visiting that node). With the exception of the l-node in a host switch, add the host set of each node to that of its ancestor. By not adding the host set of the lnode we avoid the redundant coding that can cause BPA to postulate erroneous host switching.
4.
For all nodes in the parasite tree (except any j-nodes) find the image of their host set in the host tree. This defines the map between parasite and host trees..
PROHIBITED HOST SWITCHES
Under this model not all host switches are permitted. Firstly, by convention the parasite lineage that switched hosts must have previously infested another host in the same host clade. This is equivalent to requiring that for any host switch the node a in Fig. 3 exists. As a consequence, a j-node cannot be the root of the host tree as the ancestor of the root of the tree is undefined (if necessary this limitation can be circumvented simply by including dummy host and parasite outgroups in the analysis).
Secondly, a host switch must be between two contemporaneous hosts. To 
Sources of Ambiguity

MULTIPLE HOST SWITCHES
A given reconstruction may postulate more than one host switching event. This ambiguity of ancestral host for a parasite when both descendants have colonised new hosts leads to the following rule:
If both descendants of a node i are l-nodes then we designate i as a l-node and i's ancestor k as a j-node. If both descendants of k are now l-nodes then we continue down the tree until we have a j-node with only one l-node as its descendant (if we reach the root of the tree before encountering such a node then we have violated the requirement that the root of the parasite tree cannot be a j-node [see above] and the host switch we are postulating is prohibited).
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In Fig. 5b node IV is both a j and a l-node, hence V is a j-node. Given that there are three different possible hosts for node IV how can we represent this ambiguity in the reconstruction? The convention adopted here is to represent the series of host switches as a polytomy (Fig. 5c ). This polytomy does not imply that the ancestral host of IV was host c, rather it indicates that there are a number equally plausible possibilities for IV's host. In this sense it is analogous to a "soft" polytomy (Maddison, 1989) .
WIDESPREAD PARASITES
In the examples so far each parasite has had a single host. In reality parasites may infest multiple hosts, that is, the parasites are "widespread." The interpretation of widespread parasites depends on whether the parasite taxon is supra-specific, and hence can (potentially at least) be further resolved, or the taxon is a species, in which case, by definition, no further organismal phylogenetic resolution is possible (e.g., Nixon and Wheeler, 1990) . In the former case, host and parasite phylogenies are congruent only if at least one of the possible resolutions of the parasite phylogeny is congruent with the host phylogeny. In the later case it is possible for two (or more)
hosts to share the same parasite without those hosts comprising a monophyletic group (see Fig. 1d ). The problem of interpreting widespread parasites is analogous to the problem of widespread taxa in biogeography, which has been treated in some detail in the literature (e.g., Page, 1990a and references therein).
In this paper I will treat only the simpler case of supra-specific widespread parasites. Widespread species can also be treated in this way although this need not be the most parsimonious interpretation of their distribution. The complexities of alternative interpretations of widespread parasites will be addressed elsewhere.
SUPRA-SPECIFIC WIDESPREAD TAXA
R. D. M. Page Figure 6a shows a parasite clade with three taxa, one of which infests two hosts, and a reconstruction of the history of that association. The widespread parasite (II) is mapped onto the node in the host tree whose host set is the smallest superset of the parasite's host range. This is equivalent to treating the terminal taxon as an internal node, which is what it actually represents -the base of a larger, unresolved
clade. This unresolved clade is represented by tracing the path from the mapped node to each infested terminal host (Fig. 6b) .
Measures of Fit Between Host and Parasite Phylogenies
An important goal of any method of reconstructing host-parasite evolution is to quantify the relationship between the host and parasite phylogenies. Specifically,
given that for a fully resolved phylogeny for n parasite taxa there are n − 1 speciation events, how many of these are cospeciations events, how many are host switches, and how many are independent speciations ("duplications") of the parasites? In the method described here, the number of host switches is the number of nodes that are the ancestral nodes in a host switch (j-nodes), the number of independent parasite speciations is the number of duplications, leaving the remaining nodes as cospeciations.
However, this simple classification of speciation events does not consider the fate of the parasites as they track their hosts. Although parasites may faithfully track their hosts they may fail to speciate with their hosts, and they may also go extinct. If a host is infested by a single lineage of parasites then extinction can be recognised simply by the occurrence of uninfested hosts. However, if more than one parasite lineage is present (for example, due to independent speciation of the parasites) then there may have been considerable extinction of parasites, even if all present day hosts are infested (e.g., Fig. 1e ).
SORTING EVENTS
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If a parasite tracks its host with complete fidelity then every host speciation will be accompanied by speciation of the hosts' parasite. 
MAXIMISING HYPOTHESES OF COSPECIATION
We have seen that a reconstruction of host-parasite evolution specifies a map between the parasite and host trees, from which the number of cospeciations, independent speciations, dispersals, and sorting events may be obtained. These numbers quantify the fit between the two trees. Because we can obtain these statistics for any reconstruction we can quantitatively compare different reconstructions, which leads to the question of which reconstruction might be judged the "best."
Cospeciation is joint cladogenesis of host and parasite. If we regard host cladogenesis as the primary cause of cladogenesis in the parasite, then the host phylogeny is the "independent" variable and the parasite phylogeny is the "dependent" variable. The host phylogeny explains the parasite phylogeny to the extent that speciation events in the parasite phylogeny are cospeciations. Hence, a natural criterion for choosing a reconstruction is maximising the extent of cospeciation, that is, the ability of the host phylogeny to explain the parasite phylogeny (Humphries et al., 1986) .
The criterion of maximising the amount of cospeciation need not always lead to a unique solution; the three reconstructions shown in Fig.4 are all optimal but differ in the processes invoked (independent speciation and subsequent lineage sorting versus host switching) and in the postulated relationships between some events in the two clades. This raises the question of how to choose among possible reconstructions.
If we knew the relative ages of the speciation events in the host and parasite lineages then we could readily discriminate between the two hypotheses (Fig. 8) . The hypothesis of independent speciation of the parasites (Fig. 4b) predicts that the initial speciation in the parasites predated any host speciation, and that the second parasite speciation was synchronous with the initial host speciation (Fig. 8b) , whereas the two host switching hypothesis postulate different relative ages for the parasite speciations ( Fig. 8c-d) . For an empirical example of this approach see Page (1990b) .
Temporal information is likely to be limited to those cases where we have estimates of genetic distance between homologous sequences (or sets of sequences)
for both host and parasite, and these sequences are evolving in a clock-like fashion in both clades. In the absence these circumstances we are left with the difficult problem of deciding the relative cost of invoking, for example, host switching versus independent speciation of parasites (Ronquist and Nylin, 1990 ). Such problems confront any method that seeks to combine different processes (one has only to think of weighting transitions versus transversions in DNA sequence analysis), and was one of the earliest objections to Goodman et al.'s (1979) original method for reconciling gene and species trees (Fitch, 1979) . Although one could devise various formulae for computing a summary statistic based on the numbers of cospeciation, independent speciation, host switches, and sorting events for a given reconstruction, I think it preferable (at least at this stage in the development of this method) to simply adopt the number of cospeciation events as the optimality criterion for choosing a reconstruction. If more than one reconstruction satisfies this criterion then we have the option of presenting all the reconstructions as equally reasonable, or using additional information (such as times of divergence) or hypotheses (such as the probability of lineage extinction over time, or the role of geographic proximity in R. D. M. Page facilitating parasite transfer among hosts) to choose among competing reconstructions.
FINDING ALL OPTIMAL RECONSTRUCTIONS
The criterion of maximising the number of cospeciation events simplifies the problem of finding optimal reconstructions. A fully resolved tree for n taxa has n − 1 internal nodes. Let K be the maximum possible number of cospeciation events for a parasite cladogram for n taxa. The maximum value of K is n − 1 which is obtained only if host and parasite have strictly cospeciated. Let m be the number of cospeciation events in a given reconstruction. We want to find all reconstructions for which m = K.
A simple "brute force" algorithm for finding K proceeds as follows. Let k be some initial estimate of the maximum number of cospeciation events (this value could be found by computing a reconciled tree between the host and parasite trees, as in Fig. 4b ). If k ≠ n − 1 then it is possible that a better reconstruction exists. Finding this reconstruction requires that we postulate a number of host switches (that is, jnodes, see Fig. 3 ), up to the maximum d = n − k − 1. That is, given that the parasite tree has n − 1 internal nodes of which k are cospeciations then there are only d nodes which can be postulated to be host switches. Postulating more host switches would reduce the number of cospeciation nodes below k, which represents the lower bound on the maximum number of cospeciations. By generating all possible combinations of j-nodes with from one to d members and computing for each combination the number of cospeciation nodes we will obtain the optimal reconstructions. If we generate the combinations progressively from smaller to larger then we may be able to improve on our initial value of k, saving us some labour. For instance, if we start with n = 9 and k = 5 (hence d = 4) but discover that a particular combination of two host switches results in a reconstruction with m = 7 then we can improve on k (our original estimate of K). Now k = 7 and we can eliminate from consideration combinations of three or more host switches.
Using this argument we can readily see that the three reconstructions shown in Fig. 4 are all optimal. The first (Fig. 4b ) was found by reconciling the host and R. D. M. Page parasite trees and has one cospeciation node out of a possible two. Since postulating a host switch means that there can be no more than one cospeciation event (given that the parasite tree has only two internal nodes) this reconstruction is optimal. The two other reconstructions (Fig. 4c-d decreases. This makes it cumbersome to use, particularly in the randomisation test described below where we want to rapidly find the value of K for large numbers of random trees. In this case we are not interested in how many equally good reconstructions exist so we need find only one optimal reconstruction. A heuristic approach that is considerably faster than the brute force approach, but which is not guaranteed to find the optimal value of K is as follows: 
Testing Hypotheses of Cospeciation
One or more optimal reconstructions of host-parasite evolution will be obtained no matter how different the host and parasite trees, hence merely finding a reconstruction is not in itself evidence that host and parasite have cospeciated. While knowledge of divergence times in host and parasite can be used to test cospeciation hypotheses, as discussed above (see also Page, 1990b) , such information may be unobtainable in many cases. In the absence of such information two approaches to testing hypotheses of cospeciation have been proposed.
PARASITE PHYLOGENY AS A PREDICTOR OF HOST PHYLOGENY
If host and parasite have cospeciated extensively then parasite phylogeny will be a good predictor of host phylogeny (Brooks, 1988) . Given an independent estimate of the host phylogeny, the discrepancy between this estimate and that implied by the parasites is a measure of the extent of cospeciation. Paterson et al. (1993) used this approach to test the hypothesis that seabirds and their lice have cospeciated by constructing various hypotheses of host phylogeny solely from parasite data and then computing the similarity between those host trees with host trees inferred from data from the hosts themselves. The similarity between the two kinds of estimates of the host trees was evaluated by comparison with the expected distribution of similarity between pairs of trees chosen at random. One difficulty with this approach is that it evaluates different host trees by their similarity alone, rather than by their plausibility in the light of host character data.
This problem was addressed in a related context by DeBry (1992) in his test of two competing biogeographic hypotheses for Microtus rodents. DeBry derived phylogenies for Microtus from the two biogeographic hypotheses and then used a likelihood ratio test (Felsenstein, 1988) to establish whether those phylogenies were significantly worse explanations of his restriction site data than the maximum likelihood tree computed directly from those data. This test has the advantages of explicitly incorporating uncertainty in phylogenetic estimates, and bases the test on the underlying character data. The analogous test in cospeciation analysis would be to compute the likelihood of the host phylogeny that best fit the parasite phylogeny (for example, the host tree that maximised the number of cospeciations) and see if the likelihood for the tree estimated from host character data was significantly higher.
RANDOMISATION TESTS
The significance of the observed fit between host and parasite trees can be evaluated by comparison with the distribution of the same measure of fit for random trees (e.g., Page 1990a Page , 1990b . One null hypothesis is that parasite phylogeny is independent of host phylogeny. We could test this by generating random parasite phylogenies (with the same number of taxa and the same hosts as the actual phylogeny) and measure how well these fit the observed host phylogeny in comparison to the actual parasite phylogeny. The proportion of random parasite trees that have the same (or greater) number of cospeciations as the observed trees is the probability of obtaining the observed value due to chance alone.
Empirical Examples
GOPHERS AND THEIR LICE Figure 9 shows Hafner and Nadler's (1988) cladograms for pocket gophers and their chewing lice. Nadler (1988, 1990) and Page (1990b) Two questions immediately present themselves: (1) is six the maximum possible number of cospeciations given these two trees? and (2) how many optimal reconstructions are there? The algorithm described above found six reconstructions that maximise the number of cospeciation events (Fig. 10) , all containing six R. D. M. Page cospeciation events (Table 3) . Hence the reconstructions discussed by Hafner and Nadler (1988) and Page (1990b) are optimal, but they are not the only such reconstructions. The reconstruction shown in Fig. 10a corresponds to that proposed in Page (1990b) . Hafner and Nadler's (1988) reconstruction is essentially that shown in Fig. 10b , except that they postulated an additional dispersal of Geomydoecus setzeri from Orthogeomys underwoodi onto O. cherriei. These two reconstructions differ in the predicted temporal relationships between speciation events in Orthogeomys gophers and their parasitic lice. I have argued (Page, 1990b ) that the genetic distances between Orthogeomys and their lice support reconstruction a in Fig. 10.
In the remaining four reconstructions Geomydoecus ewingi colonises its host
Geomys bursarius, and Geomydoecus thomomyus and Geomydoecus actuosi are To test whether six cospeciations could be obtained by chance alone I generated 999 random parasite trees using the "Markovian model" (Harding, 1971) with the same number of taxa and host-parasite associations as original louse tree, then used the heuristic algorithm described above to compute the maximum number of cospeciation events between each pair of random host and parasite trees. The resulting distribution (Fig. 11) shows that obtaining the six observed cospeciation events is unlikely to be due to chance alone (p = 0.005).
PYTILIA FINCHES AND THEIR BROOD PARASITES Figure 12 shows cladograms for Pytilia finches and their brood parasites in the genus Vidua (Klein et al., 1993) . Using the algorithm described in this paper the maximum number of cospeciations that can be postulated for Vidua and its hosts is three (there are five equally optimal reconstructions). Using the randomisation test described above, the probability of obtaining three or more cospeciations by chance alone is 0.341 (based on 999 random parasite trees), rejecting the hypothesis of cospeciation between the two bird clades. Klein et al. (1993) came to the same conclusion based on visual inspection of the trees and the discordant amounts of genetic divergence between the two clades. This example shows that the method described in this paper is capable of rejecting a hypothesis of cospeciation.
Summary
The method described here for reconstructing the history of a host-parasite assemblage has the advantage of making explicit the relationship between the host and parasite trees, and it allows a visually intuitive representation of that history. The method enables host switching to be incorporated as an explanation of the observed pattern of host-parasite associations, and does so without the spurious reconstructions of host switching that plague BPA. The map between the two trees that is the heart of the method forms a framework for comparative studies of evolution in the two members of the association (Hafner and Nadler, 1990; Page 1991 Page , 1994 .
The criterion of maximising the number of cospeciations offers a simple way of describing the fit between host and parasite trees. This allows us to quantitatively compare competing interpretations of host-parasite evolution. It also leads to simple algorithms for enumerating all optimal reconstructions.
One area not addressed in this paper is the problem of uncertainty in the host and parasite phylogenies. The method described here requires fully resolved trees.
Rather than represent phylogenetic ambiguity by polytomous trees (using, for example, a consensus tree to summarise a set of trees; e.g. Lanyon, 1993) , the method requires that ambiguity is represented by the set of possible fully resolved trees. If the number of trees is large (e.g., there are many equally parsimonious trees) then it may be preferable to sample trees from with the larger set, perhaps by choosing trees from different islands (Maddison, 1991) . By mapping different parasite trees onto different host trees it is possible to explore the effects of phylogenetic uncertainty on reconstructions of host-parasite evolution.
SOFTWARE
The algorithms described here for finding optimal reconstructions of the evolution of host-parasite assemblages are available in the computer program TREEMAP which can be obtained from the author. TREEMAP requires Microsoft® Windows™ 3.1.
Table 1.
Map between the parasite and host trees shown in Fig. 4a . For each node in the parasite tree the table lists the host set and the corresponding node in the host tree.
This map defines the reconciled tree shown in Fig. 4b . Page (1990b) and Hafner and Nadler (1988) , respectively. 
